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Partially  stabilized  zirconia  (PSZ),  containing  one  of  several  stabili¬ 
zers,  has  been  considered  as  a  leading  candidate  for  application  in  advanced 
heat  engines.  Properties  which  are  particularly  attractive  are  high  toughness, 
high  coefficient  of  thermal  expansion  (approaching  that  of  metals)  and  low 
thermal  conductivity.  There  are  indications,  however,  that  the  stability  of 
this  material  is  low  at  elevated  temperatures  and  that,  at  temperatures  as 
low  as  650°C  in  magnesium  partially  stabilized  zirconia,  a  thermally  activated 
process  causes  a  eutectoid  decomposition  which  produces  monoclinic  Zr07  and 
MgO  resulting  in  severe  degradation  of  strength.  Furthermore,  additions  of 
stabilizing  oxides,  e.g.  MgO,  CaO,  ^2^3’  CeO^  etc.  result  in  a  decrease  in 
the  equilibrium  tetragonal -monoclinic  transformation  temperature  below  that 
of  pure  Zr07  ('v  1150°C)  thus  limiting  the  usefulness  of  stress  induced  trans¬ 
formation  toughening  and  decreasing  the  incremental  toughening  effect  with 
increasing  temperature.  PSZ,  therefore,  appears  unable  to  meet  the  requirement 
of  long  term  stability  and  high  temperature  strength  and  toughness. 

Tetragonal  zirconia  (TZP)  share  many  of  the  advantages  and  disadvantages 

of  PSZ  type  materials.  Strengths  in  excess  of  2.5  GPa  have  been  measured  but 
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the  room  temperature  fracture  toughness  seldom  exceeds  6  MNm  “.  TZP  material 
also  exhibit  a  time  dependent  strength  degradation  particularly  in  water 
vapor  containing  atmospheres,  at  temperatures  of  n,  250°C.  This  degradation 
is  poorly  understood  but  seems  characteristic  of  this  class  of  materials. 
Furthermore,  the  very  fine  grain  sizes  which  are  required  are  expected  to 
result  in  poor  creep  resistance  at  elevated  temperatures.  As  in  PSZ,  the 
stabilizing  agents  are  expected  to  decrease  the  magnitude  of  the  transforma¬ 
tional  chemical  free  energy  change  thus  limiting  the  degree  of  transformation 
toughening.  For  these  reasons,  TZP  materials  are  believed  to  be  incapable  of 
meeting  the  materials  requirements  for  heat  engine  applications. 
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Alumina-zirconia  composites  have  been  reported  to  have  a  high  toughness 
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(>  8  MNm  )  and  high  strength  (>1000  MPa)  at  room  temperature.  These  compo¬ 
sites,  however,  have  a  relatively  high  thermal  conductivity  at  room  temperature, 
decreasing  with  increasing  temperatures.  In  order  to  modify  this  behavior, 
solid  solution  additives,  such  as  Cr^O^,  can  be  utilized,  resulting  in  a  de¬ 
crease  of  n,  e>0?6  in  the  thermal  conductivity  at  room  temperature.  Accompanying 
this  large  decrease  in  thermal  conductivity  is  a  small  increase  in  modulus  of 
elasticity  and  hardness  which  is  also  expected  to  be  effective  at  high  tempera¬ 
tures  in  reducing  matrix  creep. 

High  temperature  mechanical  properties  of  Al^O^  -  ZrO.,  composites  have 

been  disappointing,  with  significant  decreases  in  fracture  toughness  of  Al.,0,  - 

ZrO.,  containing  2  mole  %  Y-,0,  composites  at  temperatures  as  low  as  600°C. 

This  decrease  is  a  direct  result  of  the  increasing  stability  of  the  matastable 

retained  tetragonal  particles.  Thus,  the  transformation  toughening  decreases 

as  the  test  temperature  approaches  the  equilibrium  temperature.  This  situation 

is  aggravated  by  the  addition  of  stabilizing  agents,  such  as  Y.,0-.  Addition 

of  llfO,  to  ZrO-,  has  the  effect  of  raising  the  tetragonal-monoclinic  transfor- 
"  “  > 

mation  temperature  from  'V  1170°C  for  pure  ZrO.,  to  n.  1620°C  for  pure  H  f  0  . 

Pure  HfO.,,  in  spite  of  its  promising  high  temperature  performance,  cannot  be 
utilized  for  practical  reasons:  1)  the  critical  particle  size  for  spontaneous 
transformation  to  monoclinic  upon  cooling  is  believed  to  be  less  than  that 
achievable  by  conventional  processing  techniques  and  2)  in  order  for  the  HfO, 
particle  to  attain  the  tetragonal  symmetry,  temperatures  in  the  tetragonal 
phase  must  be  reached  during  fabrication.  These  very  high  temperatures  would 
result  in  very  rapid  growth  of  the  matrix  grains  as  well  as  the  HfO-,  particles, 
resulting  in  a  body  with  a  low  retained  tetragonal  fraction  and  poor  mechanical 
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properties.  Because  ZrO^  and  HfO^  form  continuous  solid  solution,  thus, 
there  must  be  compositions  in  this  solid  solution  series  which  will  be 
suitable  for  this  particular  application. 

In  seemed  that  some  compositions  in  the  system  A^O^Cr^O^/ZrC^  rHfO^ 
may  offer  an  opportunity  to"  provide  an  alternative  material  for  heat  engine 
applications.  This  investigation  was  then  initiated.  Some  of  the  results 
were  given  in  this  report. 
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This  report  contains  three  parts.  The  first  part  reports  the  progress 
in  the  Al^O^-Cr^O^-ZrC^-HfC^  system.  The  second  part  of  this  report  pre¬ 
sents  the  thermal  diffusivity  and  conductivity  measurements  by  laser  flash 
method.  The  third  part  reports  the  results  in  the  mullite  system.  The 
accomplishments  during  the  last  reporting  period  are  summarized  in  the 
followings  and  the  reports  are  attached  as  Appendices. 

1-  Transformation  Toughening  in  the  A1 ,0,-Cr20,-Zr02-Hf07  System: 

Pre-reacted  Al^O^-Cr.^,  solid  solution  powders  of  the  matrix  material 
and  ZrO-,-HfO?  solid  solution  powders  of  the  dispersed  phase  were  attrition 
milled  to  sub-micron  sizes.  These  milled  powders  were  then  mixed  in  a 
ball  mill,  dried  and  isostatical ly  pressed.  The  pressed  specimens  were 
then  sintered  at  1S50°C  for  two  hours  under  low  oxygen  partial  pressures 
in  an  induction  furnace  with  a  graphite  suscepter.  The  densities  of  these 
sintered  specimens  were  found  to  be  >98%  of  the  theoretical  with  an  average 
grain  size  <5um  and  dispersed  particle  size  <lpm.  Toughness  of  these  samples 
were  measured  by  indentation  method  and  were  found  to  have  a  maximum  (about 
fc>  MPaM2)  at  room  temperature  for  composites  containing  10  mole  %  of  HfO.,. 
Specimens  aged  at  1200°  and  900°C  for  400  hours  showed  no  toughness  and 
no  microstructure  changes. 

2.  Thermal  diffusivity  and  conductivity  measurements: 

Thermal  diffusivity  of  composites  in  this  system  A1 -.O.-Cr-.O-.-ZrO^-HfO., 
were  measured  by  the  laser  flash  method.  Thermal  conductivities  of  some 
compositions  were  calculated  using  the  published  specific  heat  data.  The 
results  of  these  measurements  confirmed  the  results  reported  earlier  measured 
by  comparison  method.  Composites  with  high  Cr-,0.  (> 20  mole  %)  contents  showed 
thermal  conductivity  values  lower  than  that  of  PSZ  at  temperatures  higher  than 
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400°C.  Comparison  of  the  conductivities  of  these  composites  with  that 
of  PSZ  are  given  in  Fig.  1.  This  work  was  done  in  collaboration  with 
Professor  Hasselman  of  Virginia  Polytechnic  Institute  of  Technology. 

3.  The  Mullite  system: 

Compositions  of  mullite  containing  15  volume  %  of  the  dispersed 
Zr07  solid  solution  particles  containing  0,  10  and  20  mole  °o  Hf07  were 
prepared  by  sol-gel  method.  The  Calcined  powders  of  these  compositions 
were  sintered  in  air  at  1550°  and  1600°C  for  different  lengths  of  time. 
Specimens  with  different  grain  size  and  different  dispersed  particle 
size  were  obtained.  A  maximum  toughness  value  was  observed  for  specimens 
with  a  dispersed  particle  size  (critical  particle  size)  about  0.3  pm. 
Because  of  the  scatterness  of  the  data  points,  it  was  not  possible  to 
delineate  the  effect  of  the  HfO,  content  on  the  toughening  effect  of 
the  ceramics  and  the  critical  particle  size  of  the  dispersed  phase  as 
a  function  of  the  HfO,  content. 
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in  the  A^O^-C^Og-ZrC^-HfC^  System 


by 


T.  K.  Brog,  J.  W.  Jones  and  T.  V.  Tien 
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ABSTRACT 


The  effect  of  dispersed  phase  composition  and  volume 
fraction  on  fracture  toughness  of  A^C^-C^C^/ZrOj-Hfc^ 
composites  has  been  investigated.  For  samples  containing  0 
and  lOm/o  Hf02  in  Zr02 ,  the  maximum  fracture  toughness 
occurred  at  lOv/o  dispersed  phase.  No  clearly  defined 
toughness  peak  was  observed  for  the  samples  containing  30m/o 
HfC>2  in  the  dispersed  phase  and  the  maximum  toughness  was 
considerably  lower  than  those  observed  for  sample 
lower  Hf02  contents. 

The  fraction  of  Zr02~Hf02  particles  which  were  retained 
in  the  tetragonal  symmetry  in  the  as-sintered  and  in  the  as- 
ground  condition  decreased  with  increasing  volume  fraction 
of  dispersed  phase  and  with  increasing  Hf02  content. 
Preliminary  results  indicate  that  thermal  exposure  at  1200°C 
for  times  as  long  as  300  hours  caused  no  measurable  change 
in  the  fracture  toughness  or  in  the  retained  tetragonal 
phase  content. 

MATERIALS  AND  EXPERIMENTAL  PROCEDURE 

Solid  solutions  of  Al203-5m/oCr202  and  Zr02-XHf02 
(X=0,10  and  30m/o)  were  made  by  mixing  appropriate  amounts 
of  the  single  oxides  then  annealing  at  1350°C  for  24  hours 
to  form  solid  solutions.  These  solid  solutions  were 
attrition  milled  separately  for  4  and  8  hours  respectively. 


The  resulting  powders  were  mixed  (wet  ball  mill),  dried, 
isostatically  pressed  (170MPa)  and  sintered  at  1550°C  for  2 
hours  in  an  induction  furnace  with  a  graphite  susceptor  and 
an  argon  atmosphere.  High  densities  (>98%T.D.)  were 
achieved  by  maintaining  a  low  oxygen  partial  pressure 
atmosphere  during  sintering.  Using  this  procedure,  twelve 
different  compositions,  as  shown  in  Table  1,  were  prepared. 

The  indentation  technique  (1)  was  used  to  measure 
fracture  toughness.  Tetragonal  phase  content  measurements 
were  made  on  as-sintered  and  as-ground  surfaces.  The 
tetragonal  phase  fraction  which  was  retained  was  calculated 
by  using  the  method  proposed  by  Porter  and  Heuer  (2). 

One  composition  ( Al203-5m/oCr203  +  lOv/o ( ZrO2-10m/o 
Hf02))  was  aged  in  air  at  990°C  and  1200°C  for  1  to  308 
hours . 

RESULTS  AND  DISCUSSION 

Microstructure 

A  typical  photomicrograph  of  a  sample  containing  5m/o 
Cr203  in  Al203 (matrix)  and  a  pure  Zr02  dispersed  phase 
(lOv/o)  is  shown  in  Figure  1.  The  mean  dispersed  phase 
grain  size  is  approximately  lum  and  the  mean  matrix  grain 
size  is  approximately  2-3um  with  a  bimodal  grain  size 
distribution.  The  density  is  >98%  of  theoretical  density. 
Preliminary  microstructural  examination  indicates  that  the 
matrix  and  dispersed  phase  grain  size  is  independent  of 
composition  and  volume  fraction  of  the  dispersed  phase.  The 


dispersed  phase  occurs  almost  exclusively  intergranularly. 
Fracture  Toughness 

The  variation  of  fracture  toughness  with  the  volume 
fraction  and  composition  of  the  dispersed  phase  is  shown  in 
Figure  2.  For  both  0  and  lOm/o  Hf02  compositions  the  peak 
in  this  curve  occurs  at  10  ±2v/o  and  the  measured  values 
exceed  those  of  AljO^-Sm/oC^O^  solid  solutions  without  Zr02 
additives.  The  fracture  toughness  of  the  lOm/o  HfC>2  samples 
is  greater  than  that  of  the  Om/o  Hf02  samples  in  most  cases. 
The  maximum  KIC  value  for  the  30m/o  Hf02  samples  occurs  at 
at5v/ o •  However,  the  fracture  toughness  decreases  only 
slightly  for  10  and  12.5v/o  dispersed  phase  and  a  well 
defined  peak  is  not  observed.  For  all  volume  fractions 
except  5v/o,  the  fracture  toughness  of  the  30m/o  samples  was 
below  that  for  the  0  and  lOm/o  samples.  These  results  show 
trends  similar  to  reported  results  on  testing  of  zirconia 
toughened  alumina  in  which  the  peak  position  and  height  of 
the  maximum  depends  on  the  particle  size  and  composition  of 
the  dispersed  phase  (3,7).  For  a  constant  composition  and 
processing  schedule,  the  peak  in  the  KJC  versus  volume 
fraction  curve  has  been  shown  to  shift  to  lower  volume 
fractions  and  lower  KJC  values  as  the  starting  particle  size 
is  increased  (4-6).  However,  the  absolute  particle  size  is 
not  nearly  as  important  as  the  ratio  of  the  particle  size  to 
the  critical  particle  size.  Optimum  toughening  will  depend 
on  the  mechanisms  responsible  for  toughening  and  on  the 
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ratio  of  the  mean  particle  size,  d,  to  the  critical  particle 
size  for  spontaneous  transformation  on  cooling,  dc.  If  the 
ratio  d/dc  is  small  there  should  be  little  toughness 
enhancement  beetle  the  very  small  tetragonal  particles  are 
too  small  to  transform  to  the  monoclinic  symmetry  even  in 
the  very  high  stress  field  of  the  crack  tip;  no 
transformation  toughening  occurs.  As  this  ratio  increases, 
the  peak  should  shift  to  higher  KJC  values  and  lower  volume 
fraction  values  as  transformation  toughening  becomes  active. 
This  trend  will  continue  until  d/dc  is  at  or  near  unity  at 
which  point  any  further  increases  in  d/d  should  cause  peak 

V 

shifts  to  lower  volume  fractions  and  lower  KIf.  values.  At 
very  high  values  of  d/d  the  curves  should  bo  relatively 
flat  as  few  tetragonal  particles  are  available  for 
transformation  toughening-  Microcrack  toughening,  however, 
may  become  active  for  these  materials  at  very  large  values 
of  d/dc. 

The  peak  position  of  the  maximum  shifts  to  higher 
volume  fractions  but  lower  KIC  values  as  or  Ce02  is 

added  to  zirconia  (3,6,7)  if  the  particle  size  is  kept 
constant.  This  effect  occurs  because  the  critical  particle 
size  increases  as  the  amount  of  YjOg  is  added.  Thus,  the 
ratio  d/dc,  for  a  constant  particle  size,  decreases  with 
increasing  amounts  of  The  addition  of  hafnia  to  raise 

the  transformation  temperature  (11,12)  causes  a  shift  of  the 
KIC  maximum  to  lower  volume  fraction  values  and  higher  KJC 
values,  provided  that  the  particle  size  is  constant  and  that 
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d/dc  does  not  reach  some  critical  value  (at  or  near  unity) 
at  which  point  the  maximum  will  occur  at  lower  volume 
fractions  and  lower  KIC  values.  Although  the  peaks  in 
Figure  2  for  the  0  and  lOm/o  Hf02  samples  both  occur  at 
alOv/o,  the  fracture  toughness  of  the  lOm/o  samples  is 
greater  than  that  for  the  Om/o  Hf02  samples.  The  fact  that 
the  peak  occurs  at  the  same  volume  fraction  may  be 
attributed  to  the  relatively  large  volume  fraction 
increments  studied.  The  fracture  toughness  curve  for  the 
30m/o  HfC>2  samples  does  not  continue  this  trend.  In  fact, 
the  fracture  toughness  of  the  30m/o  Hf02  material  is 
considerably  lower  than  that  for  the  samples  with  lower  Hf02 
contents  and  the  observed  variation  in  toughness  with  volume 
fraction  suggests  that  no  substantial  peak  in  toughness  is 
present.  Although  it  has  not  been  substantiated,  it  is 
possible  that  d/dc  is  too  large  to  contribute  to 
transformation  toughening. 

Tetragonal  Phase  Measurements 

The  retained  tetragonal  phase  content  data  as  a 
function  of  volume  fraction  (V  )  and  hafnia  content  after 
sintering  is  shown  in  Figure  3.  This  data  suggests  that 
increasing  the  hafnia  content  decreases  the  retained 
tetragonal  phase  content.  Assuming  that  the  particle  size 
is  constant  for  a  given  value  of  V  ,  these  results  support 
the  hypothesis  that  hafnia  additions  to  Zr02  increase  the 
driving  force  for  transformation  and  the  transformation 
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temperature,  and  result  in  a  smaller  critical  particle  size 
for  transformation. 

These  data  also  show  that  the  tetragonal  phase  content 
decreases  with  increasing  volume  fraction  dispersed  phase. 
There  are  three  possible  reasons  for  these  results.  First, 
the  possibility  of  agglomeration  increases  as  the  volume 
fraction  increases.  Second,  the  rate  of  Ostwald  ripening  is 
expected  to  increase  as  the  volume  fraction  of  dispersed 
phase  increases.  Third,  the  critical  particle  size  may 
change  as  a  function  of  the  volume  fraction  of  dispersed 
phase.  Claussen  (11)  has  shown  that  a  decrease  in 
tetragonal  phase  content  with  increasing  volume  fraction 
dispersed  phase  occurs.  Claussen  et.  al.  (5)  have  shown 
that  the  transformation  temperature  is  lowered  with 
decreasing  volume  fractions  of  dispersed  phase.  In 
addition.  Green  (10)  has  shown  that  the  critical  particle 
size  decreases  with  increasing  volume  fraction  dispersed 
phase.  Lange  (3),  Green  (10),  and  Claussen  et.  al.  (5)  have 
proposed  that  the  reason  for  the  decrease  in  retained 
tetragonal  phase  content  with  increasing  volume  fraction 
dispersed  phase  is  due  to  the  lower  modulus  of  the  dispersed 
phase  resulting  in  a  loss  of  matrix  constraint.  Excessive 
agglomeration  has  not  been  detected  in  the  microstructures 
examined  and  qualitatively  the  particle  size  is  nearly 
constant  for  all  samples.  The  data  shown  in  Figure  3  is 
consistent  with  previous  work  and  can  probably  be  attributed 
to  a  decrease  in  the  critical  particle  size  with  increasing 


volume  fraction  dispersed  phase. 

Ageing 

In  order  to  determine  if  microstructural  or  mechanical 
property  changes  occurred  after  extended  times  at  elevated 
temperatures,  A^Og-Sm/oC^O^  +  lOv/oCZrC^-lOm/oHfC^ ) 
samples  were  annealed  at  990°C  and  1200°C  for  times  up  to 
308  hours.  The  results  are  shown  in  Figures  4-6.  These 
results  show  that  there  is  essentially  no  change  in  the 
amount  of  retained  tetragonal  phase  with  ageing  time  at 
either  temperature.  The  results  of  the  fracture  toughness 
and  hardness  testing  also  show  no  apparent  change  with 
ageing  time  or  temperature  (Figure  6).  The  scatter  in  the 
data  can  probably  be  attributed  to  sample  inhomogeneity. 
Qualitative  microstructural  examination  reveals  that  no 
microstructural  changes  occurred  in  these  samples  even  after 
extended  ageing  times. 

CONCLUSIONS 

1.  For  the  processing  conditions  studied,  the  best 
mechanical  properties  occurred  for  the  Zr02_10m/oHf02 
compositions . 

2.  High  (30m/o)  Hf©2  additions  result  in  low  tetragonal 
fractions  and  low  measured  KIC  values. 

3.  Ageing  at  990°C  and  1200°C  for  times  up  to  308  hours 
resulted  in  no  decrease  in  tetragonal  fraction  or  measured 
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TABLE  1 


Matrix 


Dispersed  Phase 


Composition 


Composition 


Volume  Fraction  (v/o) 


A1 ,0_-5m/oCr^03  ZrO,,  5 

"  "  7.5 

"  "  10 

"  "  12.5 


A1  .,0_-5m/oCr-,0.,  Zr07- lOm/oHfO,  5 

"  "  7.5 

"  "  10 

"  "  12.5 


A1 ,0.-5m/  oCr,0_ 
2  o  2  o 


Zr0?-50m/ oHfO-, 


5 


'.5 


iO 
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FIGURE  3-  PERCENT  TETRAGONAL  PHASE  VERSUS  VOLUME 
FRACTION  DISPERSED  PHASE. 
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ABSTRACT 


The  thermal  diffusivity  of  a  series  of  solid-solutions  of  alumina  and 
chromia  transformation-toughened  with  a  dispersed  phase  of  unstabilized 
zirconia  was  measured  by  means  of  the  laser- flash  method  from  room  tempera¬ 
ture  to  1400°C.  It  was  found,  in  general,  that  the  thermal  diffusivity 
could  be  decreased  significantly  by  the  combined  effects  of  solid-solution 
alloying,  microcracking  and  by  the  presence  of  the  low  conductivity  dispersed 
phase  of  zirconia.  The  decrease  in  thermal  diffusivity  by  microcracking  was 
found  to  be  present  in  the  solid-solution  with  low  chromia  content  which 
underwent  extensive  grain  growth.  The  effectiveness  of  solid-solution  for¬ 
mation  and  microcracking  on  thermal  diffusivity  was  found  to  be  greatest  at 
the  lower  and  intermediate  ranges  of  temperature.  The  decrease  in  the  ther¬ 
mal  diffusivity  due  to  the  zirconia  inclusions  was  found  to  be  effective 
over  the  total  temperature  range.  A  numerical  example  is  presented  for  the 
thermal  conductivity  calculated  from  the  diffusivity  multiplied  by  the 
volumetric  heat  capacity. 
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1.  Introduction 

The  increasing  trend  in  many  fields  of  engineering  such  as  energy- 
conversion,  chemical  processing  and  aerospace,  towards  ever  increasing 
operating  temperatures  places  complex  demands  on  the  development  and  selec¬ 
tion  of  materials  to  meet  design  requirements  and  long-term  satisfactory 
performance.  In  general,  candidate  materials  for  functions  which  involve 
high  temperature  should  exhibit  melting  points  well  in  excess  of  the  use 
temperature,  as  well  as  high  chemical  and  structural  stability.  For  specific 
design  situations,  the  magnitude  of  the  thermo-physical  properties  also  can 
play  a  vital  role  in  assuring  prescribed  performance  criteria.  For  instance, 
materials  for  heat-exchangers  should  exhibit  values  for  thermal  conductivity 
as  high  as  possible.  In  contrast,  for  many  other  designs,  the  choice  of  the 
optimum  material  is  based  on  its  thermal  insulating  ability  which  requires 
values  for  thermal  conductivity  which  are  as  low  as  possible. 

Structures  and  components  which  operate  at  high  temperatures  inevitably 
are  subjected  to  high  steady-state  or  transient  heat  fluxes.  The  resulting 
spatially  non-uniform  temperature  distributions  can  lead  to  thermal  stresses 
of  high  magnitude.  Because  of  their  nature  of  atomic  bonding  and  more  complex 
crystal  structures  candidate  materials  for  high  temperature  service  tend  to  be 
highly  brittle.  Because  of  such  brittleness,  failure  under  the  influence  of 
thermal  stresses  can  be  highly  catastrophic,  rendering  the  structure  or 
component  totally  unsuitable  for  continued  satisfactory  service  [1].  For  this 
reason,  in  the  design  and  selection  of  materials  considerable  emphasis  must  be 
placed  on  avoiding  failure  by  thermal  stresses.  It  has  been  established  in 
general,  that  materials  with  high  resistance  to  thermal  stress  failure  should 
exhibit  high  values  for  the  tensile  fracture  stress  and  thermal  conductivity 


in  combination  with  low  values  for  the  coefficient  of  thermal  expansion  and 
Young's  modulus  of  elasticity  [2.3].  High  fracture  toughtu---.  is  desir¬ 

able  as  it  will  assure  a  high  tensile  failure  stress  for  i  iuotmi  with  given 
crack  size;  more  important  is  that  a  high  fracture  toughness  (1,o  issures  rapid 
crack  arrest  following  the  initiation  of  thermal  crack,  propagation  [1|.  This 
latter  criterion  is  critical  for  those  design  situations  for  which  the  thermal 
stresses  are  of  such  magnitude  that  even  in  the  optimum  material,  the  initia¬ 
tion  of  thermal  stress  failure  cannot  be  avoided. 

It  is  critical  to  note  that  materials  with  high  thermal  conductivity 
chosen  specifically  to  avoid  thermal  stress  failure  also  will  conduct  a  great 
deal  of  heat  while  in  service.  Such  conduction  of  heat  represents  no  problem 
for  these  designs,  such  as  heat-exchangers,  for  which  the  material  of  construc¬ 
tion  should  exhibit  high  thermal  conductivity  in  order  to  meet  design  require¬ 
ments  . 

However,  the  requirement  of  high  thermal  conductivity  for  resistance  to 
thermal  stress  failure  is  incompatible  with  the  requirement  of  low  conductivity 
for  those  materials  which  serve  as  thermal  insulators  in  those  designs  for 
which  heat  losses  must  be  kept  to  a  minimum.  Clearly,  for  the  latter  situa¬ 
tion  design  trade-offs  need  to  be  made.  Alternatively,  new  materials  need 
to  be  developed,  which  exhibit  improved  thermal  insulating  ability  in  combina¬ 
tion  with  enhanced  resistance  to  thermal  stress  failure.  One  way  this  can  be 
achieved  is  by  the  inducement  of  extensive  microcrack  formation,  which  lowers 
thermal  conductivity  significantly  [4],  and  simultaneously  transforms  the 
highly  unstable  mode  of  thermal  crack  propagation  to  the  more  desirable  stable 
mode  which  leads  to  rapid  crack  arrest  [1].  Unfortunately,  spontaneous  micro¬ 
cracking  leads  to  a  significant  decrease  in  the  tensile  fracture  stress  and 
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possible  fracture  toughness  as  weil.  Clearly,  for  the  development  of 
materials  with  low  thermal  conductivity  and  high  fracture  toughness  an 
alternative  approach  must  be  sought. 

One  such  alternative  is  to  take  advantage  of  a  number  of  independent 
effects.  Significant  decreases  in  thermal  conductivity  can  be  achieved 
by  two  effects,  namely  solid-solution  alloying  [5,6]  and  the  inclusion  of 
second-phase  dispersions  with  a  thermal  conductivity  lower  than  the  matrix 
material  [7,8].  Fracture  toughness  can  be  increased  significantly  by  the 
effect  of  transformation-toughening,  specifically  by  the  addition  of  a 
dispersed  phase  of  unstabilized  zirconia  [9,10].  Such  transformation- 
toughening  has  been  shown  experimentally  to  significantly  increase  thermal 
stress  resistance  as  well  [11].  Zirconium  oxide  has  a  value  of  thermal 
conductivity  substantially  lower  than  the  corresponding  value  for  most 
structural  materials  for  high  temperature  applications.  For  this  reason, 
the  presence  of  a  dispersed  phase  of  unstabilized  zirconia  simultaneously 
leads  to  an  increase  in  fracture  toughness  and  thermal  stress  resistance 
coupled  with  a  decrease  in  thermal  conductivity.  Microcrack  formation  in 
the  matrix  which  can  be  associated  with  the  zirconia  dispersed  phase  can 
enhance  thermal  stress  resistance  and  lower  the  thermal  conductivity  fur¬ 
ther.  Finally,  even  lower  values  of  the  thermal  conductivity  can  be  ob¬ 
tained  by  choosing  a  matrix  phase  which  is  a  solid-solution  rather  than 
a  high-purity  single  phase  material. 

A  newly  developed  material  in  which  the  above  effects  have  been 
combined  to  achieve  the  desirable  combination  of  increased  fracture  tough¬ 
ness  and  decreased  thermal  conductivity  consists  of  zirconia-transformation- 
toughened  solid-solution  of  alumina  and  chromia.  The  characterization  of 
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the  thermal  diffusivity/conductivity  of  this  system  is  the  subject  of  this 
study.  Mechanical  property  and  other  data  had  been  reported  by  one  of  the 
authors  (12) . 

2.  Experimental 
2.1  Sample  Preparation 

Specimens  used  for  the  thermal  diffusivity  measurements  were  made  by  hot 
pressing  of  co-precipitated  powder  mixtures  at  1500°C  for  30  minutes  under  a 
pressure  of30MPa.  Full  densities  were  obtained  for  all  of  the  specimens  pre¬ 
pared.  A  carbon  resistance  furnace  and  BN  coated  graphite  dies  were  used  for 
hot  pressing  these  samples. 

One  half  normal  solutions  containing  the  metal  ions  were  prepared  by 
dissolving  the  soluble  salts,  A1  (N03) 3 -9^0,  Cr (N03)  •  9H20,  Zr0Cl2-3H20  and 
Hf0Cl2.8H20  in  water.  Appropriate  amounts  of  solutions  were  mixed  and  were 
added  slowly  to  a  NH^OH  solution  while  stirring.  A  pH  value  of  8  of  the  mixed 
solutions  was  maintained  during  precipitation.  The  mixtures  were  kept  at  70°C 
for  30  minutes  while  stirring.  The  precipitates  were  then  filtered,  washed 
with  dilute  amonia  solution,  and  dried  at  110°C  for  24  hours.  The  dried  preci¬ 
pitates  were  calcined  at  500°C  for  2  hours  and  ground  for  10  hours  in  a  ball 
mill.  The  calcined  powders  were  amorphous  to  X-rays. 

Figures  la  and  lb  show  scanning  electron  micrographs  of  samples  of  alumina 
with  0  and  50  mole  %  Cr.,0,  and  15  vol.  %  Zr02>  The  difference  in  grain  size  of 
the  matrix  is  immediately  evident.  Because  the  processing  conditions  for  all 
samples  were  the  same,  it  appears  that  the  presence  of  the  chromia  acts  as  a 
grain-growth  inhibitor.  Examination  of  the  other  samples  showed  that  the  grain 
size  decreased  monotonical ly  with  increasing  content  of  chromia. 


2.2  Measurement  of  thermal  diffusivity 

The  flash  method  (13)  was  used  for  the  measurement  of  the  thermal  dif¬ 
fusivity,  using  a  glass-Nd  laser  as  the  source.  The  method  basically  con¬ 
sists  of  subjecting  one  face  of  a  specimen  in  the  form  of  a  thin  plate  to  a 
single  laser  flash,  and  monitoring  the  transient  temperature  response  of 
the  opposite  face.  The  specimens  for  this  study,  approx.  8x8  mm  square 
by  approx.  2  mm  thick,  were  cut  from  the  larger  blocks  with  the  aid  of  a 
slow-speed  high-precision  diamond  saw.  The  surface  of  the  specimens  was 
coated  with  carbon  to  assure  complete  absorption  of  the  energy  of  the  laser 
flash.  For  measurements  at  elevated  temperatures  the  specimens  were  placed 
in  a  suitable  holder  located  in  the  center  of  a  carbon  resistance  furnace 
with  nitrogen  atmosphere.  The  transient  temperature  of  the  opposite  face 
of  the  specimen  was  monitored  with  a  liquid  N2  cooled  InSb  infra-red  detec¬ 
tor  from  ambient  temperatures  ranging  from  25  to  about  600°C  and  with  a 
silicon-photodiode  above  these  temperatures.  The  total  length  of  time  of 
the  measurement  of  the  thermal  diffusivity  as  a  function  of  temperature, 
including  data  acquisition  during  cooling,  took  approximately  six  hours. 

3.  Results  and  discussion 

Fig.  2  shows  the  data  for  the  thermal  diffusivity  at  room  temperature 
for  the  alumina-chromia  solid-solutions  with  and  without  the  zirconia  dis¬ 
persed  phase  as  a  function  of  chromia  content.  For  the  samples  without 
zirconia  the  thermal  diffusivity  exhibits  a  monotonic  decrease  with  increas¬ 
ing  chromia  content,  with  a  relative  difference  of  a  factor  =4  over  the 
total  range  of  chromia  content.  In  general,  such  a  significant  decrease 
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in  thermal  diffusivity  is  in  qualitative  agreement  with  corresponding  data 
for  the  thermal  conductivity  and  diffusivity  for  alumina-chromia  solid- 
solutions  reported  by  others  [5,6]. 

The  solid-solution  series  with  zirconia  dispersions  shows  a  completely 
different  behavior  with  the  peak  value  of  the  thermal  diffusivity  occurring 
at  an  intermediate  value  of  chromia  contact.  The  data  for  the  samples  with 
20  mole  %  chromia  or  higher  fall  below  but  are  parallel  to  the  data  for  the 
samples  without  zirconia.  These  differences  are  thought  to  be  due  primarily 
to  the  effect  of  the  zirconia  particles  on  the  thermal  diffusivity.  Because 
zirconia  has  a  thermal  diffusivity  and  conductivity  [14,15,16]  well  below  the 
values  for  the  solid-solution  matrix,  the  zirconia  inclusions  should  result 
in  a  decrease  in  the  thermal  diffusivity  as  expected  from  composite  theory 
[7,8]. 

The  solid-solution  samples  with  zirconia  inclusions  with  less  than  20% 
chromia  appear  to  exhibit  an  anomalous  behavior  compared  to  the  solid- 
solution  samples  without  zirconia  inclusions.  This  apparent  anomaly  is 
thought  to  be  related  to  the  extensive  grain  growth  during  sintering  of  the 
samples  with  low  chromia  content.  Specifically,  it  is  suggested  that  this 
effect  is  due  to  the  formation  of  microcracks  which  occurs  more  readily  in 
coarse-grained  rather  than  fine-grained  materials  [17-20].  Because  micro¬ 
cracks  form  preferentially  at  grain  boundaries,  they  are  not  readily  evident 
in  the  SEM-fractographs  shown  in  Fig.  1.  However,  that  the  anomoulous  be¬ 
havior  is  due  to  microcrack  formation  can  be  established  by  indirect  evidence. 
If  no  other  effects  were  present  it  is  reasonable  to  anticipate  that  the 
data  for  the  thermal  diffusivity  of  the  specimens  with  0  and  10  mole  %  chromia 


with  zirconia  would  lie  on  a  curve  obtained  by  extrapolation  of  the  data 
for  the  specimens  with  more  than  20  mole  %  chromia  which  lies  parallel  to 
the  curve  for  the  solid-solution  specimens  without  zirconia.  The  actual 
experimental  value  for  the  samples  with  0  and  10  mole  %  chromia  fall  below 
this  extrapolated  curve  by  a  factor  of  about  three.  This  latter  value 
agrees  with  the  observed  factor  of  three  decrease  in  the  thermal  diffusi- 
vity  of  coarse-grained  fully  microcracked  polycrystalline  aggregates  [21, 

22].  The  experimental  data  for  the  temperature  dependence  of  the  thermal 
diffusivity  for  the  specimens  with  low  chromia  content  to  be  presented 
later  also  indirectly  confirm  the  presence  of  microcracks. 

For  the  present  samples,  microcrack  formation  can  be  attributed  to 
two  possible  effects,  namely  the  mismatch  in  the  coefficients  of  thermal 
expansion  of  the  zirconia  and  the  alumina -chromia  solid-solution  or  due 
to  the  increase  in  volume  of  the  zirconia  particles  as  the  result  of  the 
tetragonal-to-monoclinic  phase  transformation .  X-ray  analysis  of  the 
samples  with  the  anomously  low  thermal  diffusivity  showed  the  relative 
amounts  of  the  tetragonal  and  monoclinic  phases  not  to  be  significantly 
different  from  the  samples  with  50  mole  %  chromia  which  presumable  are 
free  of  microcracks.  This  indicates  that  the  thermal  expansion  mismatch 
between  the  zirconia  and  the  alumina-chromia  matrix  appears  to  be  the 
primary  mechanism  of  microcrack  formation. 

Figs.  3a,  b,  c  and  d  show  the  experimental  data  for  the  temperature 
dependence  of  the  thermal  diffusivity  of  the  solid-solution  with  0,  10, 

20  and  50  mole  %  with  and  without  the  zirconia  dispersed  phase.  For  the 
specimens  with  20  and  50  mole  %  chromia,  at  least  qualitatively,  the  tem¬ 
perature  dependence  is  typical  for  dielectric  materials  with  phonon  transport 


as  the  primary  mechanism  for  heat  transfer.  For  the  samples  with  50% 
chromia,  however,  the  relative  temperature  dependence  of  the  thermal  dif- 
fusivity  is  less  than  the  corresponding  dependence  for  the  samples  with 
20%  chromia.  This  effect  arises  because  at  the  higher  chromia  contents 
the  thermal  diffusivity  is  affected  by  the  temperature  independent  phonon- 
solute  atom  interactions  which  suppresses  the  strongly  temperature  depen¬ 
dent  effect  of  phonon-phonon  collisions  on  thermal  diffusivity.  In  this 
respect,  it  is  of  interest  to  note  that  at  the  highest  level  of  temperature 
the  thermal  diffusivity  for  the  samples  with  20  and  50  mole  %  chromia  are 
comparable.  This  suggests  that  solid-solution  alloying  is  most  effective 
in  lowering  the  thermal  diffusivity  at  low  to  intermediate  temperatures, 
rather  than  at  the  highest  ranges  of  temperature  of  this  study.  In  contrast, 
for  the  samples  with  chromia  contents  of  20  mole  %  or  higher,  the  zirconia 
is  effective  in  lowering  the  thermal  diffusivity  by  about  twenty  percent 
over  the  total  temperature  range. 

The  samples  with  0  or  10  mole  %  chromia  without  zirconia,  as  shown 
in  Figs.  3a  and  3b,  exhibit  a  temperature  dependence  typical  for  a  dielec¬ 
tric  with  phonon  transport  as  the  primary  mechanism  for  heat  conduction. 

The  data  for  the  alumina  without  chromia  and  zirconia  compare  very  favor¬ 
ably  with  the  values  which  can  be  inferred  from  the  data  for  the  thermal 
conductivity  of  pure  high-density  alumina  [5] . 

The  samples  with  0  and  10  mole  %  Cr^O^  with  the  zirconia  as  shown  by 
the  data  given  in  Figs.  3a  and  3b,  exhibit  a  temperature  dependence  which 
is  distinctly  different  from  the  corresponding  behavior  for  the  other  sam¬ 
ples.  The  data  obtained  during  cooling  from  the  higher  temperature  do  not 
retrace  the  data  obtained  during  the  initial  heating  phase  of  the  heating- 


and-cooling  cycle.  Both  these  effects  are  typical  for  polycrystalline 
aggregates  [21,22]  and  composites  [23]  which  undergo  extensive  microcrack¬ 
ing.  The  suppressed  temperature  arises  from  two  mutually  compensating 
effects.  The  thermal  diffusivity  will  decrease  with  increasing  temperature 
due  to  the  normal  phonon  processes.  This  effect,  however,  is  offset  by 
crack-closure  and  possibly  crack-healing  on  heating  the  specimen  towards 
the  temperature  at  which  it  was  fabricated,  which  would  lead  to  an  increase 
in  thermal  diffusivity. 

At  the  highest  levels  of  temperature  crack  healing  can  take  place  by 
diffusional  or  other  processes  which  should  lead  to  an  increase  in  the  ther¬ 
mal  diffusivity.  For  this  reason,  during  a  heating-and-cooling  cycle  the 
data  on  cooling,  at  least  at  those  temperatures  at  which  no  new  microcrack 
formation  will  occur,  should  exceed  the  values  obtained  during  the  heating 
phase  of  the  cycle,  as  observed. 

It  should  also  be  noted  that  Figs.  3a  and  3b  indicate  that  the  data 
obtained  on  cooling  cross  over  the  data  on  heating,  so  that  on  return  to 
room  temperature  the  thermal  diffusivity  exhibits  a  permanent  decrease. 

This  effect  is  thought  to  be  the  result  of  the  formation  of  microcracks 
in  addition  to  those  formed  during  the  initial  cooling  from  the  manufactur¬ 
ing  temperature.  Such  an  effect  is  expected  if  microcrack  formation  at 
the  higher  temperatures  involves  a  stage  of  sub-critical  growth  from 
microcrack-precursors  such  as  pores.  If  so,  the  microcrack  density  would 
be  expected  to  be  a  function  of  time  or  number  of  cooling  cycles.  Regard¬ 
less  of  the  details  the  data  in  Figs.  3a  and  3b  clearly  indicate  that  the 
thermal  diffusivity  and  possibly  other  properties  of  microcracked  materials 
can  be  a  function  of  thermal  history. 
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The  closure  and  healing  of  microcracks  at  the  higher  temperatures 
will  cause  the  thermal  diffusivity  to  approach  the  value  corresponding 
to  the  crack-free  material.  For  this  reason,  the  mechanism  of  micro¬ 
cracking  for  the  reduction  of  the  thermal  diffusivity  and  conductivity 
is  expected  to  be  most  effective  at  the  lower  ranges  of  temperature  over 
which  the  cracks  exhibit  their  maximum  size  and  crack-opening  displacement. 

For  estimates  of  heat  losses,  necessary  for  the  purposes  of  optimizing 
a  specific  design,  data  are  required  for  the  thermal  conductivity  expecially 
for  conditions  of  steady-state  heat  flow.  These  can  be  obtained  by  multipli¬ 
cation  of  the  experimental  data  for  the  thermal  diffusivity  with  the  volumetric 
heat  capacity  (i.e.,  the  product  of  the  specific  heat  and  density).  For  pur¬ 
poses  of  saving  space,  as  a  numerical  example,  the  thermal  conductivity  was 
calculated  for  the  solid-solution  with  80  mole  %  A120~  and  20  mole  \  Cr^O^ 
using  the  experimental  data  in  Fig.  3c.  The  values  of  the  volumetric  heat 
capacity  were  obtained  from  the  measured  value  of  density  and  literature 
data  [24]  for  the  specific  heat  of  the  individual  oxides  shown  in  Fig.  4 
which  were  assumed  to  be  appropriate  for  the  materials  of  this  study.  The 
resulting  values  of  the  thermal  conductivity  are  presented  in  Fig.  5.  These 
values  show  a  similar  relative  temperature  dependence  as  the  data  for  the 
thermal  diffusivity  given  in  5c.  Because  of  the  increase  in  specific  heat 
with  increasing  temperature,  quantitatively  the  relative  temperature  depen¬ 
dence  of  the  thermal  conductivity  at  any  temperature  differs  from  the  corres¬ 
ponding  temperature  dependence  of  the  thermal  diffusivity.  For  all  composi¬ 
tions,  the  earlier  conclusions  about  the  relative  effects  of  solid-solution 
alloying,  microcracking  and  the  presence  of  the  zirconia  dispersed  phase  on 
thermal  diffusivity  also  will  apply  to  the  effects  of  these  same  variables 
on  thermal  conductivity. 


In  this  respect,  two  general  recommendations  can  be  made  in  regard  to 
the  desired  composition  and  associated  microstructure  which  for  the  present 
composite  system  will  yield  minimum  values  of  the  thermal  conductivity  (i.e., 
opitmum  thermal  insulating  behavior).  As  shown  in  Fig.  4,  the  value  for  the 
specific  heat  (per  unit  mass)  of  the  chromia  is  significantly  less  than  the 
corresponding  value  for  the  aiumina  especially  at  the  higher  values  of  tem¬ 
perature.  Even  taking  into  account  the  differences  in  density,  the  volumetric 
heat  capacity  of  the  chromia  still  is  significantly  less  than  the  corresponding 
value  for  the  alumina.  For  this  reason,  the  lowest  value  for  the  thermal  con¬ 
ductivity  for  the  present  series  of  compositions,  will  be  obtained  at  the 
highest  level  of  chromia  content. 

A  speculation  can  be  made  on  how  to  reduce  the  thermal  conductivity 
of  the  compositions  of  this  study  even  further.  As  indicated  by  the  data 
shown  in  Fig.  2,  the  relative  decrease  in  the  thermal  diffusivity  at  room 
temperature  which  can  be  achieved  at  the  higher  levels  of  chromia  content 
is  of  the  order  of  the  relative  decrease  attainable  by  microcracking  at  zero 
or  low  values  of  chromia  content.  This  implies  that  if  microcracking  could 
be  induced  in  the  compositions  with  the  higher  value  of  chromia  content, 
values  for  the  thermal  diffusivity  and  corresponding  values  for  the  thermal 
conductivity  would  have  been  achieved  significantly  lower  than  those  observed. 
At  least  in  principle,  this  could  be  achieved  by  modifications  of  the  proces¬ 
sing  conditions  such  that  grain-growth  is  promoted  for  those  compositions 
with  the  higher  values  of  chromia  content. 

In  summary,  the  results  of  this  ^tudy  have  demonstrated  that  the  thermal 
diffusivity  and  conductivity  of  dielectric  materials  can  be  reduced  signifi¬ 
cantly  by  the  combined  effects  of  solid-solution  alloying,  microcrack  formation 
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and  by  inclusion  of  a  low  thermal  conductivity  dispersed  phase.  Unstabilized 
zirconia  as  such  a  dispersed  phase  had  the  additional  advantage  that  by  the 
mechanism  of  phase-transformation  toughening,  the  decrease  in  thermal  diffu- 
sivity  and  conductivity  is  accompanied  by  an  enhanced  fracture  toughness  as 
well  as  thermal  stress  resistance. 
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THERMAL  DIFFUSIVITY  x  IOl(cm*/ 
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Figure  2. 


Thermal  diffusivity  at  room  temperature  of  solid-solutions  of 
alumina  and  chromia  with  or  without  a  dispersed  phase  of  15  vol 
%  zirconia  as  a  function  of  chromia  content. 


THERMAL  CONDUCTIVITY  (W/m.°K) 


Figure  5. 


Thermal  conductivity  of  aiumina-ch romia  solid-solution  with  20 
mole  °6  chromia  with  and  without  15  vol.  %  zirconia. 
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The  System  Mullite  -  ZrC^  -  Hft^: 

Compositions  studied  were  mullite  containing  IS  vol  %  of  . 

(l-yjZrO., :  (yjHfC^  where  y  =  0,  0.1  and  0.2. 

Aluminum  nitrate,  zirconium  oxychloride,  hafnium  oxychloride 
and  tetraethoxysilane  were  used  as  starting  materials.  Aqueous 
solutions  of  these  chemicals  were  prepared  and  mixed  in  appropriate 
proportions  to  give  the  desired  compositions.  Ethanol  was  added  to 
the  mixtures  to  prevent  separation  of  the  ethoxysilane  from  the  aqueous 
solution.  Mixed  solutions  were  stirred  for  30  minutes  and  then  NH40H 
was  added  drop  by  drop  to  the  mixtures.  When  the  pH  value  reached  5.5, 
stiff  gel  was  formed.  The  gel  was  filtered,  dried  in  an  oven  at  100°C 
for  24  hours  and  then  calcined  at  450°C  for  one  hour.  The  calcined 
powders  were  found  to  be  amphorous  to  XRD.  The  powders  were  then 
ground  in  an  agate  jar  mill  with  agate  balls  for  10  hours.  The  ground 
powders  were  isostatical ly  pressed  at  172  MPa  and  sintered  at  1550, 

1600  and  1650°C. 

Bulk  densities  were  measured  using  Archimedes'  principle  using 
water  as  the  media.  Phase  present  was  determined  by  XRD  and  micro¬ 
structures  were  examined  using  SEM  on  polished  and  thermal  etched 
surfaces.  values  for  some  of  the  specimens  were  measured  by  the 

microindentation  method  (1) .  Five  indentations  were  made  at  each 
load  level  and  five  load  levels  were  used  for  each  specimen.  The 
amount  of  tetragonal  phase  to  the  amount  of  monoclinic  phase  ratio 
for  each  specimen  was  obtained  by  comparing  peak  intensity  ratio  of 
(111)  and  (111)  of  the  monoclinic  phase  to  the  peak  intensity  of  the 
(111)  of  the  tetragonal  phase. 
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The  specimens  sintered  at  1550°C  did  not  densify  (75-82%  of  the 
theoretical  density).  Specimens  sintered  above  1600°C  for  a  period 
longer  than  one  hour  reached  95%  or  higher  of  the  theoretical  density. 
Specimens  sintered  at  1550°C  contained  ZrSiO^.  The  zircon  phase  disap¬ 
peared  at  1600°C. 

Grain  growth  data  for  the  mullite  grain  in  the  specimens  sintered 
at  1600  and  1650°C  are  shown  in  Fig.  1.  Ripening  rate  of  the  dispersed 
particles  are  given  in  Fig.  2.  Fig.  3  is  the  same  data  plotted  in  a 
log-log  scale.  The  above  data  indicated  that  the  presence  of  Hf02  and 
solid  solution  in  the  ZrO^  particles  retarded  the  growth  rate. 

Microstructures  of  the  mullite  with  dispersed  phase  are  given  in 
Fig.  4  and  5.  The  presence  of  HfO^  did  not  seem  to  affect  the  micro¬ 
structure  development.  Mullite  grains  in  the  sintered  specimens 
appeared  to  be  elongated  and  the  dispersed  phase  located  intergranularly . 
Relative  amount  of  the  tetragonal  phase  of  the  dispersed  Zr09  phase  are 
presented  in  Fig.  6. 

Figs.  7  through  9  show  the  variations  of  values  with  particle 
size  of  the  dispersed  phase  having  different  amounts  of  HfC^  in  solid 
solution.  The  KIC  value  increased  with  increasing  the  Hf02  content 
when  the  particle  size  of  the  dispersed  phase  are  the  same. 

Data  in  Figs.  7,  8  and  9  are  compiled  and  were  plotted  in  Fig.  10. 

A  maximum  is  shown  on  the  curve.  This  maximum  indicates  the  critical 
particle  size  of  the  dispersed  phase.  Unfortunately,  the  scattering 
of  the  data  was  so  large  that  the  effect  of  the  Hf02  in  the  dispersed 
particles  is  not  clear. 
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Fig.  10.  Kjr  vs.  particle  size  changes  in  mullite  system 
sintered  at  l600°C  and  l650°C. 
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